The genetic diversity and relationships among ethnic minority populations of southwest China were investigated using seven polymorphic restriction enzyme sites in the β-globin gene cluster. The haplotypes of 1392 chromosomes from ten ethnic populations living in southwest China were determined. Linkage equilibrium and recombination hotspot were found between the 5′ sites and 3′ sites of the β-globin gene cluster. 5′ haplotypes 2 (+−−−), 6 (−++−+), 9 (−++++) and 3′ haplotype FW3 (−+) were the predominant haplotypes. Notably, haplotype 9 frequency was significantly high in the southwest populations, indicating their difference with other Chinese. The interpopulation differentiation of southwest Chinese minority populations is less than those in populations of northern China and other continents. Phylogenetic analysis shows that populations sharing same ethnic origin or language clustered to each other, indicating current β-globin cluster diversity in the Chinese populations reflects their ethnic origin and linguistic affiliations to a great extent. This study characterizes β-globin gene cluster haplotypes in southwest Chinese minorities for the first time, and reveals the genetic variability and affinity of these populations using β-globin cluster haplotype frequencies. The results suggest that ethnic origin plays an important role in shaping variations of the β-globin gene cluster in the southwestern ethnic populations of China.
. The evidence from these separate analyses concludes that the ancestors of East Asians originated in Africa and entered Asia from the southeast, but the migration of the ancient populations to the north of China and the strong south/north distinction in genetic patternation have been disputed 2, 4 . In spite of the controversy, southwest China played an important role either as a passage of migration from Southeast Asia toward China or as an interface of ethnic mixture, and therefore impacted on the formation and diversity of Chinese ethnic populations. Furthermore, correlation between linguistic affinity and genetic diversity has been observed in southwest Chinese minorities 5, 6 . However, the contributing genetic factors responsible for the diversities and affinities of these Chinese minorities remain unclear.
The value and power of β-globin gene cluster markers in resolving origins, migration and evolutionary relationships within human populations worldwide have been well demonstrated [7] [8] [9] [10] [11] [12] . Seven neutral polymorphic restriction enzyme sites, especially the five sites within the 5′ region of the β-globin gene cluster, have been commonly employed to construct haplotypes for assessing genetic variation and the relationship between human populations. This method has revealed the origins of the β-globin gene mutations and the clinical implications of Scientific RepoRts | 7:42909 | DOI: 10.1038/srep42909 these haplotypes, including their links to heamoglobinopathies, such as β-thalassemia and sickle cell anemia. The distinct advantage of the β-globin gene cluster approach is that different populations from different studies are easily comparable since the same restriction sites and haplotypes have been widely used. Although many studies using the β-globin gene cluster haplotype have been carried out in a variety of populations in Africa, Europe, America and Asia, only a few northern Chinese ethnic populations have been analyzed 13, 14 . In spite of their important roles in origin, migration and evolutionary history of Chinese ethnic populations, a large number of southwestern Chinese minority populations have not been investigated for β-globin gene cluster characteristics and haplotype variation. This lack of comparable data from southwestern minorities significantly restricts our understanding of Chinese ethnic diversity, differentiation and genetic relationships.
In the present study, we examine for the first time the allelic and haplotypic characteristics of the β-globin gene cluster in 10 ethnic minority populations, mainly from southwestern China. This study also integrated these results with those data previously published for Chinese and other world populations, and evaluated the genetic variability and relationship among the ethnic Chinese populations.
Results
β-globin gene cluster polymorphism in southwest Chinese ethnic minority groups. Table 1 presents the allelic frequencies detected for the seven polymorphic restriction sites of the β-globin gene cluster in the 10 minority populations from southwestern China. We found all restriction sites were polymorphic in the HardyWeinberg equilibrium with a few exception. We also found HincII 5′ ε and Hinf I 3′ β had the highest frequencies, while HincII 5′ Ψβ had the lowest frequency across the minority groups. This indicates that the distribution patterns of allelic frequencies were homogenous among the populations.
We used a likelihood-ratio test of Arlequin software to evaluate linkage disequilibrium between a pair of loci in the studied populations from southwest China. Pairwise linkage disequilibrium (LD) were observed among the loci HincII 5′ ε, HindIII G γ, HindIII Aγ, HincII 5′ Ψβ and HincII 3′ Ψβ at the 5′ end of the β-globin gene cluster, as well as between AvaII β and Hinf I 3′ β loci at the 3′ end of the cluster. But LD was not observed between loci of the 3′and the 5′ ends of the cluster (Table 2 ). These suggest a recombination hotspot between the HincII 3′ Ψβ and AvaII β loci (Fig. 1) , the haplotypes derived from these seven loci were divided into 5′ and 3′ sub-haplotypes according to the positions relative to the recombination hotspot.
5′
Haplotypes of the β-globin gene cluster in southwest Chinese ethnic groups. The haplotypes derived from the five polymorphic sites of the 5′ β-globin cluster from the 10 southwestern minority groups and other populations are reported in Table 3 . Twenty-six of the 32 (2 5 ) possible 5′ haplotypes were observed in the southwestern minority populations, but only haplotype 2, 5, 6 and 9 reached frequencies greater than 0.02. Haplotypes 25 (+++++) and 26 (++−+−) have never been described before this study. Seven haplotypes, 3, The distribution of the β-globin gene cluster haplotype showed geographic variation. The Chinese populations from the southwest and from north are distinguished by the distribution of haplotype 9 (−++++). Haplotype 9 is the third most prevalent haplotype with frequency of 2.2-8.5% in the southwest Chinese populations, but it is absent or very rare (<1%) in all other populations elsewhere ( Table 3) . On the contrary, common haplotype 5 (−+−++) in southwest China is less frequent than that in northern China. In addition, haplotypes 12 is observed in the ethnic minorities of Yunnan, but it is absent in other regions of China.
We also measured genetic variability of Chinese populations using heterozygousity and Gini-Simpson index (GSI). We found that heterozygousity and GSI of Achang, Deang and Khmus are much higher than that of all other Chinese populations except Oroqens from northern China, and are comparable with African. This suggests that the populations with longer history have higher levels of genetic variability.
3′
Haplotype analysis. We identified 3′ haplotypes based on the presence (+) and absence (−) of AvaII and Hinf I restriction sites (Fig. 1) . We found gene framework (FW) 1-4 were polymorphic in all Chinese ethnic groups (Table 4) . FW3 (−+) was the most common and FW4 (−−) was rare 3′ haplotypes in all ethnic Chinese populations examined. In general, the distribution patterns of FW1-4 among different Chinese ethnic populations were homogenous. In addition, we found different Thai subpopulations had the most frequent FW2, while Tibetan and northern Chinese Han subpopulations living in different regions had the highest FW3 haplotype frequencies. This suggests 3′ haplotype distribution pattern of these Chinese populations accords with their ethnic origin.
Genetic diversity for the β-globin cluster in Chinese ethnic populations. The measures of genetic diversity in Chinese ethnic populations and other world populations are presented in Table 5 . Overall, total heterozygosity ( H T ) of the southwestern Chinese population is 52.5%, of which 88% may be ascribed to genetic variation within populations. The level of heterozygosity observed in the southwestern Chinese is higher than that in northern Chinese, but the correction for gene differentiation coefficient (G ST′ ) is lower in southwest Chinese (2.5%) than in northern Chinese (3.7%), indicating less interpopulation differentiation among the southwest populations. The lowest G ST′ were observed in northern Chinese Han (0.5%) and Thai (0.7%) subpopulations, while high degree of interpopulation differentiation was observed in Tibetan (G ST′ = 1.2%), indicating genetic heterogeneity among different Tibetan subpopulations from different inhabitation regions. Likewise, when the northern Han were analyzed together with southern Han (Han), the G ST′ was significantly increased, suggesting high differentiation between south and north Chinese Han populations.
Genetic relationship among Chinese populations. Using pairwise Fst (F-statistics) and exact test of
non-differentiation based on 5′ haplotype frequencies, the most significant differences and greatest genetic heterogeneity were observed in inter-ethnic comparisons of the Chinese populations (Supplementary Tables 1 and 2 ). Khmus and Deang were significantly different from other southwestern minority populations even though they live within a rather small geographic region. The phylogenetic relationships among the minorities of southwestern China and other populations are shown in the dendrogram Neighbor-joining (NJ) tree (Fig. 2) , which is based on the matrix of genetic distances (DA) between the populations (Supplementary Table 3 ). The genetic affinities showed clear ethnic and linguistic patterns among Chinese populations (Fig. 2a) . A southwest/northeast geographic pattern was observed as well, but the north/south division was not distinct. On a global scale, the ethnic minorities from southwestern China are closely clustered to other Chinese and Asian populations, but are far away from African and European populations. Amerindian from the American continent is clustered close to Chinese populations (Fig. 2b) .
Discussion
The β-globin gene cluster haplotypes have been largely shown as important and useful for investigating genetic variability, origin, migration and evolutionary relationships between populations worldwide. Our present study is the first report characterizing the β-globin gene cluster haplotypes in southwestern Chinese minorities, and reveals genetic variation and relationships in these ethnic populations. We found the allelic and haplotypic characterization of the β-globin gene cluster, and the significant differences in genetic variability, characteristics and distribution patterns of the haplotypes among the study populations. Our results demonstrate that current Our finding reveals the distribution characteristics of β-globin gene cluster haplotype in ethnic minority populations of southwest China. In the southwestern Chinese minorities, 5′ haplotype 2, 6, 9 and 5 are more prevalent overall, while haplotypes 12 and 4 are less common but not rare (Table 3) . Haplotype 2 is the most common haplotype, and its distribution in southwestern China is consistent with that of the global pattern. Haplotype 6 was found to be the second most common haplotype in our study groups, which agree with its distribution pattern in Asian populations except in northern Chinese Han. Remarkably, we also found haplotype 9 is the third most frequent haplotype with frequencies of 2.2-8.5% in southwestern Chinese minorities (Table 3) , which is much higher than that in northern Chinese populations (0-0.04) and other world populations 8, 10, 12, [14] [15] [16] [17] . Haplotype 9 is a characteristic haplotype across the southwestern Chinese minorities, suggesting gene flow and admixture among the adjoining populations within this geographic region. Moreover, in the Asian continent, haplotype 9 has only been reported in ethnic populations of China, to date. Comparable frequencies of haplotype 9 have been most clearly observed in native Americans that presumably migrated from Asia 10, 16, 18 . Our findings provide further evidence for Asian, probably Chinese, gene flow toward Native Americans.
The origin of β-globin gene cluster haplotypes in the populations of southwest China has not been explored. The haplotypes 2, 5 and 6 are considered primitive and first-order haplotypes as they are separated from each other by at least two genetic events, mutation or recombination. The origin of the rest of the haplotypes is derived from the first-order types by recombination 8, 17 . Since at least two steps of genetic variations are required for conversion among haplotypes 2, 5 and 6, these three common haplotypes were likely present in the original populations settled in southwestern China. However, the prevalent haplotype 9 (−++++) in the populations of southwest China could be derived from all three common first-order haplotypes (2, 5, 6), most likely from haplotype 6 (−++−+) and 5 (−+−++), as only one conversion or mutation is needed at the HindIII G γ or HincII 5′ Ψβ sites, respectively. Nevertheless, there is not a one-to-one correspondence between pairs of ancestor haplotypes and their products of genetic conversion events 8 . Most second-order haplotypes are rare in the southwestern minorities; their origin could be attributed to genetic recombination.
Our results show linkage disequilibrium between the five sites within the 5′ region of the β-globin gene cluster and between the other two sites within the 3′ terminal, whereas linkage equilibrium was observed between 5′ and 3′ haplotypes as a result of the recombination hotspot between the two regions ( Table 5 , Fig. 1 ). These results confirm the presence of the recombination hotspot among the Chinese minority populations, consistent with findings in other populations 11, 19 . As the polymorphic sites within 5′ haplotypes are in linkage disequilibrium and significantly associated to each other (Table 2) , and the most common first-order haplotypes-presumably formed by a single round of recombination-were present in the study groups, our findings support the previous hypothesis that the rate of recombination within the 5′ haplotypes is not particularly rapid 11, 19 . Therefore, the most common haplotypes 2, 6, 5 in southwestern Chinese minority populations would not be the result of recent recombination events, while it remains unclear if the same can be inferred for the common second-order haplotype 9.
5′ haplotypes provide information on microevolutionary processes, while 3′ haplotypes reveal the ancestral origins of populations and can be used to trace the origin of β-globin gene mutations [20] [21] [22] . Southwestern China is a region with endemic malaria and thalassemia, with the highest frequencies of hemoglobin E (β E , HBB codon 26 G > A) reported in the Achang, Deang and Jingpo minority populations living in the region 23, 24 . The β E gene was population a 31 , and Chan et al. 20 . d
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The present study and Shimizu et al. 13, 14 . found exclusively linked to haplotype 9 and FW2 in southwestern Chinese minorities in our previous study 24 . But wide type HBB gene β A (HbAA) was linked to 5′ haplotypes 2, 6, 9, 5 (Table 3) and all gene frameworks, mostly to FW3 (−+)in the populations (Table 4 ). The distribution pattern of the 3′ haplotype frameworks is homogeneous in southwestern minorities and similar to that in southeastern Asian populations 21, 25 , which indicates a common origin in these Asian populations. More importantly, our results found that haplotype 9 is a characteristic type across all of the southwestern minority groups, meaning it must have been present in very early colonies of these populations. The findings on β A linked haplotypes in this study provide additional information for inferring evolution of the β E mutation. We speculate that the predominant β E genes in southwestern minorities occurred on a common haplotype 9 bearing chromosomal background and spread into different populations through the adjoining effect. The haplotype 9 linked β E is unlikely to form from haplotype 2 linked β E through recombination events in the respective populations.
It is well known that high heterozygosity is attributed to long population histories or interpopulation gene flow. In the present study, haplotypic heterozygosity, GSI, considering both frequency and number of haplotypes, and number of effective haplotypes (Ne) in the Achang, Deang and Khmus from southwestern China was found to be much greater than that of other Chinese populations with the exception of Oroqens (Table 3) . Deang is one of the oldest original populations, having lived in the region for more than 2000 years; Khmus is another older aborigine population in the same region as well-the higher heterozygosities reflect their longer ethnic history. As Achang originated from an ancient Di-qiang population living in the Qinghai-Tibet Plateau of China, migration and admixture are expected. The higher heterozygosity of Achang could mirror the evolutionary action of both ethnic history and gene flow. Our findings provide more genetic evidence for interpreting the history and migration of southwestern Chinese minorities.
Our study explores how ethnic minority populations of southwest China are related to each other and other populations. Our findings demonstrate that genetic affinities among ethnic Chinese populations show ethnic and linguistic patterns. Some studies using microsatellite and mitochondrial DNA (mtDNA) markers have found distinct genetic divergence between southern and northern Chinese populations, and have argued that northern populations are derived from southern Chinese populations 1, 2 . Whereas, other studies found that DNA markers did not support the south/north division but rather suggest simple distance isolation 4 . In addition, the correlation between genetic diversity and linguistic affinity in Chinese ethnic groups was demonstrated by autosomal microsatellite markers 5, 6 . By using the β-globin cluster markers, our study does not support the distinct south/north geographic division found in other studies using microsatellite, Y Chromosomal STR and mtDNA markers [1] [2] [3] , but tends to support the hypothesis that DNA marker patterns suggest simple isolation by geographic distance 4 . Alternatively, it is possible that the β-globin cluster markers and the other genetic markers may have evolved differently in these populations.
When genetic relationships between world populations were analyzed using haplotypic frequencies, the majority of Chinese ethnic groups were clustered together and close to other Asia and Amerindian populations as expected (Fig. 2b) . As a result of the limitations in the number of examined populations and sample sizes, the unrooted polygenetic tree may only represent the genetic affinities but not evolutionary relationships among the populations. This study reveals genetic relationships of southwestern minorities of China using the β-globin gene cluster markers, for the first time, and provides new evidence supporting the consistency of genetic and linguistic evolution in Chinese populations. Moreover, our findings on the characteristic haplotype 9 distribution and phylogenetic relationship among populations strongly support the notion that Asian, and most likely Chinese, gene flow migrated toward native American populations 9, 10, 16, 26 .
In conclusion, the β-globin haplotype is useful for elucidating genetic variation, affinity and ethnic origin of human populations. Here we have shown that the distribution of β-globin haplotypes is significantly heterogeneous in minority populations of southwest China, the distribution pattern is significantly different with that of populations in other regions of China. Moreover, we have demonstrated that the genetic affinity of Chinese population show ethnic and linguistic patterns. The genetic heterogeneity and differentiation presented in the southwest Chineses ethnic populations deepen our understanding of their ethnic history and gene flow. The diversity of the β-globin gene cluster in Chinese populations is mainly attributed to ethnic origin. Meanwhile, admixture, geographic isolation and genetic recombination are important factors accounting for the genetic variations observed. Overall, our findings provide new comparable data for revealing genetic diversity and the relationships of Chinese populations, and once again, and show that the β-globin gene cluster can provide a large amount of substantial information on elucidating human history and evolution.
Materials and Methods
Studied populations. Ten ethnic minority groups belonging to six Chinese nationalities: Achang, Deang, Khmus (officially recognized as a subpopulation of Bulang nationality), Jingpo, Thai (named Dai in Chinese) and Tibetan from south-to-west China regions including Yunnan, Tibet and Qinghai provinces, were studied. The chosen groups well represent ethnic populations of southwest China as they inhabit only in the region, with different historic origins and cultures. The sample size was chosen to satisfy the needs of genetic statistics. It varied with size and sample availability of the different ethnic groups. The sampling, geographic location and linguistic affiliation of Table 6 . The map was created using Canvas Software version 11, ACD Systems of America, Inc. Seattle, WA, USA. www.acdsystems. com.
Scientific RepoRts | 7:42909 | DOI: 10.1038/srep42909 the populations are presented in Fig. 3 and Table 6 . All experiments and methods were approved and in accordance with the Ethics Committee of the Institute of Medical Biology, Chinese Academy of Medical Sciences. Unrelated healthy individuals from different minority populations were randomly selected. Informed consent was obtained from all subjects. Individual information on ethnic identification, ancestry and migration history were recorded to ensure the representativeness of their own minority communities. Genomic DNA was extracted from peripheral blood samples collected using anticoagulant sodium citrate. Carriers of the β-globin gene (HBB) mutations were excluded based on hematologic and molecular genetics analyses for thalassemia. A total of 1392 chromosomes with normal β-globin genotype HbAA (β A ) from 696 individuals were examined in the present study.
Genotyping of the β-globin gene cluster. There are seven polymorphic restriction sites in the β-globin gene cluster: HincII 5′ ε, HindIII G γ, HindIII Aγ, HincII 5′ Ψβ, HincII 3′ Ψβ, AvaII β and Hinf I 3′ β (Fig. 1) ; these sites were genotyped using polymerase chain reaction followed by restriction fragment length polymorphism (PCR-RFLP ) protocols as previously described with a few modification 27, 28 . The genotypes were recorded as "+" or "−" according to the presence or absence of the respective restriction enzyme sites.
Haplotype analysis and statistical analysis. Allele frequencies for different restriction sites were calculated using a direct counting method. The Hardy-Weinberg equilibrium, estimation of haplotype frequencies of the β-globin gene cluster, linkage disequilibrium between pairs of loci, pairwise Fst (F-statistics) and the exact test of population differentiation, were evaluated using the population genetics analysis software Arlequin V3.5.2 29, 30 . The genetic distance and phylogenetic analysis program DISPAN (http://www.personal.psu.edu/nxm2/dispan2.htm, copyright 1993 by Tatsuya Ota and the Pennsylvania State University) was used to measure genetic diversity parameters H T (the average heterozygosity for the entire population), Hs (the average heterozygosity within populations) and G ST (gene differentiation coefficient). The haplotype frequencies in the present study were integrated with those from other populations in China and around the world using data from previous rep orts 8, 10, 11, [13] [14] [15] 17, 20, 31 . The matrix of DA genetic distances between populations was calculated using the haplotype frequencies, and phylogenetic trees were constructed using DA distances through the DISPAN program. G ST′ was used as a correction of G ST affected by the number of examined populations 16 . Genetic diversity was also measured by the Gini-Simpson index (GSI) and the effective number of haplotypes (Ne) as previously described
